Introduction {#S1}
============

The Aryl Hydrocarbon Receptor (AHR) is a ligand activated transcription factor and member of the bHLH/PAS (basic Helix-Loop-Helix/Per-Arnt-Sim) family ([@R38]; [@R53]). The AHR regulates drug metabolism, and environmental toxicants, such as 2,3,7,8\--tetrachlorodibenzo-*p*-dioxin (TCDD) and polycyclic aromatic hydrocarbons, as well as plant polyphenols and tryptophan photoproducts, are primarily agonists, although some flavonoid antagonists have been described ([@R36]). The AHR resides in a cytoplasmic multiprotein complex, which translocates to the nucleus upon agonist binding. There the receptor dissociates from HSP90 and dimerizes with the aryl hydrocarbon nuclear translocator (ARNT) to transactivate target genes primarily through dioxin response elements (DRE) in promoters of responsive genes ([@R38]). In humans, TCDD toxicity causes chloracne, associated with epidermal hyperproliferation and hyperkeratinization ([@R41]), and increased expression of genes critical for formation of the cornified envelope ([@R19]; [@R33]; [@R56]; [@R55]). In cell culture, TCDD induces expression of genes in the epidermal differentiation complex, causing aberrant differentiation of keratinocytes ([@R18]; [@R56]; [@R55]). 6-8 month old *Ahr*^-/-^ mice exhibit alopecia associated with dystrophic and degenerating hair follicles, ulceration and regenerative hyperplasia ([@R14]). We recently demonstrated in atopic dermatitis that coal tar therapy activates the AHR through an unknown agonist(s) and restores defective differentiation and barrier function ([@R61]). Together these data suggest that dysregulation of normal AHR function could be important in the pathogenesis of chronic skin diseases with aberrant epidermal differentiation.

In addition to pathological AHR agonists such as TCDD, other AHR ligands can act either as full antagonists or selective modulators of AHR function with overlapping but non-identical effects on AHR cellular activities in the cell ([@R3]; [@R9]; [@R30]; [@R37]; [@R54]). These too may have significant therapeutic potential in suppressing some or all of AHR driven pathways in human disease. However, despite this extensive characterization of the pathogenesis and molecular biology of cutaneous responses to TCDD ([@R7]; [@R50]; [@R64]) the role of the AHR in normal epidermal differentiation and homeostasis and the potential role of AHR ligands in therapy for cutaneous disease is poorly understood. Here we show that *in vitro* expression of differentiation genes and proteins is suppressed in *Ahr*^-/-^ keratinocytes; that the AHR undergoes nuclear translocation during *in vitro* differentiation, and that AHR antagonists and selective modulators can block differentiation of human and mouse keratinocytes in monolayer culture and in human skin equivalents. These data underscore a significant physiological role of the AHR in normal epidermal differentiation.

Results {#S2}
=======

The AHR regulates epidermal differentiation, attachment and inflammatory cytokine gene expression {#S3}
-------------------------------------------------------------------------------------------------

To identify AHR dependent genes we compared gene expression between *Ahr*^+/+^ and *Ahr*^-/-^ keratinocytes cultured in 0.05 mM Ca^2+^ growth media using Affymetrix ST arrays and ArrayStar 11 Software (DNASTAR, Madison WI). We identified 391 genes whose expression was altered by at least 1.5 fold (p\<.05) in *Ahr*^-/-^ keratinocytes relative to *Ahr*^+/+^. We used DAVID Bioinformatics Software ([@R22]) to identify functional annotation clusters within the group of differentially regulated genes, and consistent with initial analysis, the top functional annotation clusters were extracellular matrix and adhesion (Enrichment score 7.2, 5.4 p=7.3 × 10^-7^ and 9.7 × 10^-8^ respectively) and keratinocyte, epidermal cell differentiation (Enrichment Score 3.3, p=2.1 × 10^-7^). Of the top down regulated transcripts in *Ahr*^-/-^ keratinocytes 22 were linked to epidermal differentiation, including those for structural proteins, proteins involved in the formation of the cornified envelope, proteases and protease inhibitors and the transcription factor *Pou2f3* (Skin1) ([Table S1](#SD1){ref-type="supplementary-material"}). Thirteen of the top upregulated transcripts in *Ahr*^-/-^ keratinocytes encoded proteins associated with extracellular matrix and adhesion ([Table S2](#SD1){ref-type="supplementary-material"}). Expression of genes linked to skin inflammatory diseases: *Il33*, *Il36g* and thymic stromal lymphopoietin (*Tslp*) was downregulated in *Ahr*^-/-^ keratinocytes while expression of *Il24* and *Il18r* was induced ([Table S1 and S2](#SD1){ref-type="supplementary-material"}).

We compared expression of representative epidermal differentiation genes in *Ahr*^+/+^ and *Ahr*^-/-^ keratinocytes cultured in proliferation medium or 24 h after switching to differentiation medium (0.12 mM Ca^2+^). In the absence of the AHR, both basal and induced expression levels of *Krt1, Lor*, *Ivl*, *Dsc1* and the transcription factor *Pou2f3* were significantly reduced ([Figure 1a](#F1){ref-type="fig"}). Induction of differentiation with elevated calcium also increased expression of the well-characterized AHR target gene *Cyp1a1* in *Ahr*^+/+^ keratinocytes, but was blocked in *Ahr*^-/-^ keratinocytes ([Figure 1a](#F1){ref-type="fig"}). As expected, TCDD caused significant induction of *Cyp1a1* in *Ahr*^+/+^ but not *Ahr*^-/-^ keratinocytes (data not shown). Similarly, both *Il33* and *Il36γ* were significantly repressed in *Ahr*^-/-^ keratinocytes relative to *Ahr*^+/+^ in cells cultured in proliferation media ([Figure 1S](#SD1){ref-type="supplementary-material"}).

AHR antagonists and selective modulators block epidermal differentiation in monolayer culture {#S4}
---------------------------------------------------------------------------------------------

AHR ligands that act as either full antagonists or selective modulators have been identified. GNF351 is a full antagonist of DRE and non-DRE AHR function, interacts directly with the AHR ligand binding pocket and competes with a well-characterized photoaffinity AHR ligand for binding to the AHR, with an IC~50~ of 62 nM ([@R54]). GNF351 blocks AHR target gene induction by TCDD but has no agonist activity for either DRE dependent or independent functions of the AHR. SGA360 is a selective modulator (SAhRM) of the AHR as it blocks TCDD induced DRE-mediated AHR activity, but has agonist-like activity for non-DRE mediated AHR functions ([@R40]; [@R59]). We treated *Ahr*^+/+^ and *Ahr*^-/-^keratinocytes with TCDD or *Ahr*^+/+^ differentiating keratinocytes with GNF351 or SGA360, and measured changes in gene expression by quantitative RT-PCR. Consistent with its known effects, TCDD induced expression of genes involved in epidermal differentiation under proliferation conditions ([@R55]), which was blocked in *Ahr*^-/-^ keratinocytes ([Figure 2a](#F2){ref-type="fig"}). Both GNF351 and SGA360 suppressed expression of early (*Krt1*, *Pou2f3*) and late (*Ivl*, *Lor*, *Dsc1*) differentiation genes in both basal and differentiation culture conditions. Similarly GNF351 completely blocked induction of *Cyp1a1*, in differentiating keratinocytes supporting the concept that the AHR becomes activated during normal epidermal differentiation ([Figure 2a](#F2){ref-type="fig"}). In addition, both *Il33* and *Il36g* were significantly downregulated in *Ahr*^+/+^ keratinocytes treated with either GNF351 or SGA360 ([Figure S1](#SD1){ref-type="supplementary-material"}). To test whether similar effects occurred in human keratinocytes, we treated differentiating human primary keratinocytes with the AHR antagonists GNF351 and CH223191 and observed a comparable reduction in expression of *CYP1A1*, *FLG*, hornerin (*HRNR*), and *LOR* relative to the untreated control differentiating keratinocyte cultures. There was a trend towards induced epidermal differentiation with the AHR agonist indirubin but this was not statistically significant ([Figure 2b](#F2){ref-type="fig"}). FICZ (6-Formylindolo(3,2-b)carbazole) an AHR agonist generated in the skin from tryptophan by UV light ([@R16]) also induced expression of some but not all differentiation genes in human keratinocytes ([Figure S2](#SD1){ref-type="supplementary-material"}). There was minimal toxicity of these AHR ligands in mouse or human keratinocytes ([Figure S3](#SD1){ref-type="supplementary-material"}). Immunoblot analysis confirmed that genetic or pharmacological inactivation of AHR blocked induction of keratin 10 and loricrin protein expression in mouse ([Figure 2c](#F2){ref-type="fig"}) and involucrin, loricrin and pro-filaggrin in human keratinocytes ([Figure 2d](#F2){ref-type="fig"}).

AHR antagonists suppress epidermal differentiation and stratum corneum thickness in human skin equivalents {#S5}
----------------------------------------------------------------------------------------------------------

To further examine the effect of AHR antagonists on epidermal differentiation we generated epidermal skin equivalents using human primary keratinocytes cultured on plastic inert filters. We tested the effect of antagonists added at different time points during generation of the human skin equivalents. When the keratinocytes were in submerged culture (proliferation/attachment phase) or when monolayers were initially brought to the air-liquid interface, addition of GNF351 or CH223191 substantially suppressed the stratification process and formation of the stratum corneum ([Figure 3a](#F3){ref-type="fig"}). Expression of late differentiation markers involucrin and filaggrin was strongly reduced, but the early differentiation marker keratin 10 was less affected ([Figure 3b](#F3){ref-type="fig"}). Addition of antagonists during the last phase of air-liquid interface culture (from day 4 or 7 onwards) resulted in thinning of the stratum corneum but did not affect involucrin or filaggrin expression ([Figure 3b](#F3){ref-type="fig"}). However, when skin equivalents were generated using de-epidermized dermis, treatment with GNF351 4 days after transfer to air-liquid interface reduced the expression and number of cell layers expressing loricrin and filaggrin, while expression of keratin 10 was delayed ([Figure 4](#F4){ref-type="fig"}). Since AHR antagonists were added during the proliferation phase of the skin equivalent development (submerged culture), we tested if they affected keratinocyte proliferation. There was a significant reduction in the percentage of Ki67 positive cells and cell number after treating proliferating monolayer cultures of human keratinocytes with AHR antagonists for 48 h ([Figure 5](#F5){ref-type="fig"}, [S4](#SD1){ref-type="supplementary-material"}). In contrast, skin equivalents generated on inert filters and treated with GNF351 during the submerged phase or at day one of transfer to the air-liquid interphase had more Ki67 positive basal cells at the end of the skin equivalent development compared to untreated cultures ([Figure 3b](#F3){ref-type="fig"}).

Increased AHR nuclear localization during epidermal differentiation *in vitro* {#S6}
------------------------------------------------------------------------------

To confirm whether the observed AHR dependence of differentiation gene expression was associated with AHR nuclear translocation, we isolated nuclear and cytoplasmic protein from primary mouse keratinocytes at specific time points after induction of differentiation with elevated medium calcium. Under basal proliferating conditions AHR protein expression was detected in the cytosolic extracts, but not in nuclear extracts ([Figure 6a](#F6){ref-type="fig"}). Six hours after induction of differentiation there was an increase in nuclear AHR reaching a maximum at 12 h that was sustained through 48 h. AHR levels in cytosolic extracts also increased 12 h after induction of differentiation and this was sustained through 48 h ([Figure 6a](#F6){ref-type="fig"}). ARNT levels retained in the nucleus also increased during differentiation, while slightly reduced levels were detected in *Ahr*^-/-^ keratinocytes ([Figure 6a](#F6){ref-type="fig"}). Treatment with GNF351 for 24 h enhanced nuclear AHR levels under differentiation conditions, while SGA360 increased cytosolic AHR levels and prevented nuclear retention. In proliferating keratinocytes, AHR agonists such as TCDD and indolo\[3,2-b\]carbazole (ICZ) caused rapid nuclear localization followed by significant loss of the protein from both the nuclear and cytoplasmic compartments, as expected, most likely due to proteosomal degradation ([@R10]; [@R25]; [@R24]). GNF351 caused a slower and sustained increase in nuclear AHR and cytoplasmic AHR, while SGA360 completely blocked the presence of AHR retained in nuclear extracts and increased cytoplasmic AHR levels.

Discussion {#S7}
==========

The AHR is the mediator of TCDD toxicity in the skin and other tissues. TCDD causes induction of keratinocyte terminal differentiation *in vitro* and accelerated skin barrier function *in utero* ([@R33]; [@R35]; [@R55]) suggesting that AHR activation by exogenous ligands can cause pathological dysregulation of keratinocyte differentiation. In contrast, recent studies point to the beneficial effects of AHR activation in skin and other tissues and its potential as a therapeutic target ([@R11]; [@R42]). However the role of the AHR in normal skin physiology is poorly understood. Here we show that normal epidermal differentiation is regulated by AHR signaling in both murine and human keratinocytes: *Ahr*^-/-^ mouse keratinocytes have defects in differentiation gene expression; AHR antagonists and SAhRMs suppress differentiation gene expression in monolayer culture of human and mouse keratinocytes and epidermal differentiation and stratification in human skin equivalent models. These data suggest a physiological role for the AHR during epidermal differentiation and stratification amenable to manipulation by pharmacological AHR antagonists or SAhRMs.

Our results are in concordance with earlier reports of elevated CYP1A1 enzyme levels in differentiated keratinocytes in absence ([@R48]) or presence of xenobiotics ([@R44]) and the response to TCDD was higher in differentiated keratinocytes ([@R57]; [@R65]). Additionally, retinoic acid, which interferes with epidermal differentiation, suppresses AHR induction during keratinocyte differentiation ([@R65]). In contrast, lentiviral knockdown of the AHR in 3D skin equivalents had no effect on epidermal morphology ([@R15]), but this may be due to insufficient AHR inactivation (40% knockdown) compared to the AHR antagonists used here. The ability of AHR antagonists to suppress proliferation in human keratinocyte monolayers is consistent with cell cycle arrest and reduced proliferation caused by AHR knockdown in HaCaT cells ([@R27]). Since the AHR can activate the EGFR/ERK pathway through c-Src ([@R16]; [@R56]), it is possible that AHR antagonist and SAhRM-induced growth inhibition is indirect. However, this is unlikely since keratinocyte cultures were supplemented with EGF. The increased numbers of Ki-67 positive cells in skin equivalents treated with AHR antagonist at early stages of skin equivalent development is most likely due to some type of feedback response to the disturbed differentiation or retention of cells with a basal cell phenotype due to suppressed differentiation.

We observed increased levels of nuclear AHR in mouse keratinocytes following induction of differentiation. Translocation and activation of AHR is unlikely to be due to the indirect mechanism reported by Wincent and colleagues ([@R66]), whereby inhibition of CYP1A1 increases culture media levels of the agonist FICZ, as differentiation induces CYP1A1 enzyme activity ([@R26]; [@R43]). We hypothesize rather that keratinocyte differentiation generates endogenous AHR ligands, which drive translocation and activation. It is possible that differentiation-induced prostaglandin synthesis could mediate the observed nuclear translocation of the AHR, since prostaglandins and other arachidonic acid metabolites can act as AhR agonists ([@R8]; [@R51]) and increased Cox-2 expression is associated with epidermal differentiation in vitro and in vivo ([@R4]; [@R13]; [@R32]; [@R67]), although this remains to be determined directly. Surprisingly, GNF351 treatment in differentiation and basal culture conditions also increased nuclear AHR levels after 24 h, while SGA360 blocked AHR retention in the nucleus. This is in direct contrast to TCDD and ICZ, AHR agonists which cause rapid nuclear translocation, followed by loss of receptor as previously reported, suggesting that AHR nucleocytoplasmic shuttling and degradation induced by differentiation and AHR antagonists, are distinct from that driven by exogenous agonists ([@R10]; [@R25]; [@R24]). Our results also show distinct mechanisms of action of the pure antagonist GNF351 and the SAhRM SGA360, as GNF351 appears to allow AHR nuclear translocation but prevent AHR mediated gene expression while SGA360 blocks AHR nuclear translocation. Similar distinctions have been made for regulation of inflammatory gene expression by SAhRMs, which is DRE-independent and involves inhibition of AHR interaction with pro-inflammatory pathways although pure antagonists also block nuclear retention of the AHR in other cell types ([@R12]; [@R39]; [@R54]; [@R59]). Computational analysis has indicated the presence of DRE in promoters for many terminal differentiation genes, and functional DREs have been identified in the human FLG gene ([@R55]). Our expression results reveal that keratinocyte differentiation gene expression is suppressed upon ablation or pharmacological inhibition of AHR activity. In addition, nuclear localization of the AHR during differentiation suggests that endogenous AHR ligands drive translocation and binding of AHR/ARNT complexes to DREs present in the promoter region of differentiation genes, although this remains to be directly determined through ChIP and ChIP seq. Interestingly, ablation of ARNT in mouse skin or knockdown in human keratinocytes induces expression of a number of epidermal differentiation genes ([@R17]; [@R46]), although *Flg* and *Lor* are reduced in *Arnt*^-/-^ skin ([@R17]), similar to our findings with *Ahr*^-/-^keratinocytes. However, this aberrant induction of differentiation gene expression may be indirect through downregulation of the EGFR ligand amphiregulin in the absence of ARNT ([@R46]). It is possible that some effects of AHR ablation or antagonism on differentiation could be indirect, through downregulation of the transcription factor Pou2f3 (Skn-1a) critical for epidermal proliferation and differentiation ([@R1]; [@R58]).

We also observed upregulation of a significant number of genes encoding extracellular matrix and cell attachment proteins in *Ahr*^-/-^ keratinocytes relative to *Ahr*^+/+^, but it is not known if this represents secondary changes due to long term ablation of AHR function, possible function of AHR as a repressor of gene expression, or reprogramming of primary keratinocyte epithelial phenotype. In *Ahr*^-/-^ keratinocytes we found a significant downregulation of three cytokine genes that are important in different inflammatory skin diseases *Il33*, *Il36g* and *Tslp* ([@R2]; [@R5]; [@R23]; [@R31]; [@R52]; [@R60]). Interestingly, suppression of *Il33* and *Il36g* expression by GNF351 and SGA360 suggests that AHR antagonists and selective modulators may be useful therapeutics for regulating skin inflammation. The observed upregulation of the proinflammatory cytokine IL24 ([@R28]; [@R29]) in *Ahr*^-/-^ keratinocytes indicate that this may be more complex within a treatment setting.

Similar to our recent finding that AHR activation mediated by coal tar restores disturbed epidermal differentiation and improved skin barrier function in atopic dermatitis ([@R61]), this study opens an additional avenue for the development of AHR antagonists or selective modulators that can regulate AHR signaling in keratinocytes to modulate epidermal differentiation and inflammation.

Materials and Methods {#S8}
=====================

Isolation and culture of primary keratinocytes {#S9}
----------------------------------------------

Primary keratinocytes were isolated from newborn *Ahr*^+/+^ and *Ahr*^-/-^ mice, PCR genotyped ([@R49]) and cultured as described in 0.05 mM CaCl~2~ medium ([@R34]). Cells were treated with 10 nM TCDD, 500 nM ICZ, 200 nM GNF351 and 10 μM SGA360 or DMSO for the indicated times in either 0.05 mM or 0.12 mM CaCl~2~ containing media. All animal studies were done using protocols approved by the Penn State University IACUC. Human keratinocytes were isolated from abdominal skin ([@R45]) in accordance with the Declaration of Helsinki principles, approval by Radboud University Medical Center and written informed patient consent. For submerged culture, keratinocytes were cultured in KGM (Lonza Ltd, Slough, UK) and differentiated by growth factor depletion ([@R63]). Cells were treated with 50 nM indirubin (IR), 500 nM GNF351, 5 μM CH223191, 500 nM SR1 0.1 and 1 μM FICZ at indicated time points or DMSO as vehicle control.

Microarray Analysis {#S10}
-------------------

RNA isolated from 4 independent pooled *Ahr*^+/+^ primary keratinocyte cultures and 3 *Ahr*^-/-^ cultures were reverse transcribed and hybridized to Affymetrix Mouse Gene ST 2.0 arrays in the Penn State Genomics Core Facility according to the manufacturers protocol. Arrays were scanned using a GeneChip Scanner 3000 7G and analyzed using ArrayStar 11 Software (DNASTAR, Madison WI) with RMA background correction and quantile normalization. Mean log~2~ signal was used to compare gene expression between groups and significantly different genes identified using a 1.5-fold cut off and p value \<.05 using a one sided equal variance Student t test. Functional annotation clustering with genes identified as differentially expressed using ArrayStar11 was conducted using DAVID Bioinformatics Software ([@R21]; [@R22]). GEO accession number:GSE62490.

Human skin equivalent development {#S11}
---------------------------------

Human primary keratinocytes were seeded onto plastic inert filters (ThinCerts, Greiner Bio-one, Breda, The Netherlands) in CnT-PR medium (CELLnTEC, Bern, Switzerland). After 48h, cells were switched to CnT-PR-3D barrier (CELLnTEC) for 24h, and then cultured at the air-liquid interface for 10 days. Human skin equivalents using de-epidermised dermis were generated as described previously ([@R62]). Skin equivalents were treated, as indicated, with 500 nM GNF351 or 5 μM CH223191.

Immunostaining {#S12}
--------------

Formalin-fixed paraffin-embedded skin equivalents were stained with hematoxylin and eosin (H&E) (Sigma) or processed for immunohistochemistry. Human keratinocytes on glass coverslips were treated twice over 48h with AHR antagonists (GNF351, 500 nM; CH223191, 5 μM; SR1, 500 nM) fixed with 4% paraformaldehyde, permeabilized with 1% Triton-X/PBS and stained for Ki-67. Nuclei were counterstained with DAPI.

RNA and q-PCR {#S13}
-------------

Total RNA was isolated from keratinocytes using Ribozol and quantitative RT-PCR (qPCR) was performed as described, in triplicate ([@R34]) and normalized to Gapdh (mouse) or RPLP0 (human). Intron spanning primer sequences for analyzed genes were obtained using Primer 3 ([@R47]) software with Genebank sequence information.

Western Blot Analysis {#S14}
---------------------

Proteins were isolated from mouse keratinocytes as described ([@R6]; [@R20]), and from human keratinocytes with RIPA buffer. Separated proteins were detected by ECL ([@R34]).

Statistical Analysis {#S15}
--------------------

For gene expression statistical significance was determined between genotypes or between treatment and control using a Student *t* test and GraphPad Prism4 with significance determined as a p value \<0.05.

Supplementary Material {#S16}
======================

###### 

**Figure S1. AhR regulates *Il33* and *Il36g* in mouse keratinocytes.** Quantitative Rt-PCR analysis of *Il33* and *Il36g* expression primary cultures of *Ahr* ^+/+^ and *Ahr* ^-/-^ keratinocytes or in *Ahr* ^+/+^ keratinocytes treated with 200 nM GNF351 or 10 μM SGA360 for 24h or DMSO in proliferation media (0.05 mM CaCl~2~). Expression was normalized to that of *Gapdh* and levels in vehicle treated *Ahr* ^+/+^ cells set as 1. Each histogram the average expression of three independent cultures, representative of two independent experiments. \* = significantly different from *Ahr* ^+/+^ p\<.05.

**Figure S2. Regulation of differentiation gene expression by FICZ.** Human primary keratinocytes (n=3 donors) were cultured with FICZ at the indicated concentrations and harvested after 3, 6 and 24 h. Gene expression was normalized using the housekeeping gene, *RPLP0* and expression of vehicle control was set to 1, indicated by the dotted line. \* *p*\<0.05; \*\* *p*\<0.01; \*\*\* *p*\<0.001, compared to vehicle control.

**Figure S3. AhR ligands have minimal toxicity in human and mouse keratinocytes.** Triplicate cultures of a) Human, or b) mouse keratinocytes were treated with inidicated compounds for 24 h after which viability was determined using the LDH Cytotoxicity Assay (Roche). GNF351: 500 nM (human), 200 nM (mouse); CH223191: 5 uM; SR1: 500 nM; TCDD: 10 nM; FICZ: 1 μM; SGA360 10 μM; ICZ, 500 nM.

**Figure S4. AhR antagonists inhibit human keratinocyte proliferation in monolayer culture.** Human keratinocytes were seeded on coverslips and cultured for three days until colonies formed. Cells were treated with AHR antagonists (GNF351, 500 nM; CH223191 (CH), 5 μM; SR1, 500 nM) for 48h and then were fixed and stained for Ki67 and counterstained with DAPI to visualize nuclei.

Table S1. Genes Significantly Downregulated in *Ahr* -/- Mouse Keratinocytes

Table S2. Genes Significantly Upregulated in *Ahr* -/- Mouse Keratinocytes

This work was supported by a grant from the Ter Meulen Foundation (KNAW), The Netherlands and the Radboud University Medical Center, The Netherlands (to EB and JS), and The National Institutes of Health 1R21ES020922 (ABG and GHP) and RO1ES19964 (GHP). The authors would like to acknowledge Kyle Breech for excellent technical assistance.

Grant Support: Ter Meulen Foundation (KNAW), The Netherlands and the Radboud University Medical Center, The Netherlands (to EB and JS), and The National Institutes of Health 1R21ES020922 (ABG) and RO1ES19964 and RO1ES004869 (GHP)

**Conflict of Interest**: The authors have no conflict of interest to declare.

See [Supplemental Material](#SD1){ref-type="supplementary-material"} & Methods for mice, chemicals, antibodies and primer sequences.

AHR

:   aryl hydrocarbon receptor

ARNT

:   aryl hydrocarbon receptor nuclear translocator

SAhRM

:   selective aryl hydrocarbon receptor modulator

bHLH/PAS

:   basic Helix-Loop-Helix/Per-Arnt-Sim

DRE

:   dioxin response element

TCDD

:   2,3,7,8-Tetrachloro*-p-*dibenzodioxin

ICZ

:   indolo\[3,2-b\]carbazole

FICZ

:   6-Formylindolo(3,2-b)carbazole

![Downregulation of differentiation gene expression in *Ahr*^-/-^ mouse keratinocytes\
(a) Expression of indicated genes during calcium induced differentiation of primary *Ahr*^+/+^ and *Ahr*^-/-^ keratinocytes was determined by quantitative PCR from triplicate cultures, repeated twice. Expression was normalized to *Gapdh*. \* significantly different from *Ahr* ^+/+^ p\<.05. *Krt1,* Keratin 1; *Lor*, Loricrin; *Ivl*, Involucrin; *Dsc1*, Desmocollin 1; *Pou2f3,* POU Class 2 Homeobox 3, *Cyp1a1*, Cytochrome P450 1A1.](nihms654037f1){#F1}

![AHR antagonists and selective modulators suppress epidermal differentiation in monolayer culture\
(a) Effect of TCDD (10 nM); GNF351 (500 nM) and SGA360 (10 μM) on gene expression in proliferating (0.05 mM CaCl~2~) or differentiating (0.12 mM CaCl~2~) primary mouse keratinocytes (triplicate, repeated twice) \* *p*\<.05 compared to vehicle control (b) Effect of GNF351 (500 nM); CH223191 (CH, 5 μM) and indirubin (IR, 50 nM) on differentiation gene expression in primary human keratinocytes. (2 separate experiments, total of n=5 donors). (c) Immunoblot analysis showing effect of *Ahr* ablation, GNF351 or SGA360 on differentiation induced expression of keratin 10 and loricrin in primary mouse keratinocytes. (d) Immunoblot analysis showing effect of GNF351 and CH223191 (CH) on pro-filaggrin (FLG), involucrin (IVL) and loricrin (LOR) in monolayer cultured primary human keratinocytes.](nihms654037f2){#F2}

![Epidermal stratification defects and reduced stratum corneum thickness caused by AHR inactivation\
Human skin equivalents (epidermis-only) were generated on plastic inert filters. At indicated time points (arrows) during skin equivalent development (each block represents one day of culture), AHR antagonists were added to the culture medium. All skin equivalents were harvested at day 10 of air-liquid interface culture. (a) Hematoxylin and Eosin staining of skin equivalents treated with GNF351 (500 nM) or CH223191 (CH) (5 μM). (b) Immunohistochemical staining of Keratin 10 (KRT10, early differentiation), filaggrin (FLG, terminal differentiation), involucrin (IVL, terminal differentiation) and Ki67 (proliferation) of skin equivalents treated with GNF351 as depicted in 2A. (n=2 keratinocyte donors). Scale bar = 100 μm.](nihms654037f3){#F3}

![Reduced terminal differentiation protein expression caused by AHR inactivation\
Human skin equivalents were generated using de-epidermised dermis and expression of keratin 10 (KRT10), filaggrin (FLG) and loricrin (LOR) was followed in time by harvesting the skin equivalents directly after submerged culture, and after 4, 6 and 10 days of air-liquid interface culture (each block represents one day of culture). Treatment with GNF351 (500 nM, arrows) was initiated at day 6 and sustained until day 10 of air-liquid interface culture. Magnification inlays show epidermal differentiation protein expression affected by AHR inactivation. (n= 2 keratinocytes donors). Scale bar = 100 μm.](nihms654037f4){#F4}

![AHR antagonists suppress human keratinocyte proliferation\
Monolayer cultures of human primary keratinocytes (n=3 keratinocyte donors, \* p\<0.05) were treated with AHR antagonists (GNF: GNF351, 500 nM; CH: CH223191, 5μM; SR1, 500 nM) for 48h during the proliferation stage of the culture. (a) Quantification of Ki67 positive cells and (b) total cell count of antagonist treated keratinocytes as compared to untreated cells.](nihms654037f5){#F5}

![Nuclear localization of AHR during epidermal differentiation\
(a) Immunoblot of AHR and ARNT following induction of differentiation with elevated calcium medium. (b) Immunoblot of cytoplasmic and nuclear AHR in primary mouse keratinocytes induced to differentiate in presence of GNF351 or SGA360. (c) Immunoblot showing time course of nuclear and cytoplasmic AHR levels in response to AHR ligands in primary mouse keratinocytes cultured in proliferation media.](nihms654037f6){#F6}
